Catechol 2,3-dioxygenase (C23O), a key enzyme in the meta-cleavage pathway of catechol metabolism, was purified from cell extract of recombinant Escherichia coli JM109 harboring the C23O gene (atdB) cloned from an aniline-degrading bacterium Acinetobacter sp. YAA. SDS-polyacrylamide gel electrophoresis and gel filtration chromatography analysis suggested that the enzyme (AtdB) has a molecular mass of 35 kDa as a monomer and forms a tetrameric structure. It showed relative meta-cleavage activities for the following catechols tested: catechol (100%), 3-methylcatechol (19%), 4-methylcatechol (57%), 4-chlorocatechol (46%), and 2,3-dihydroxybiphenyl (5%). To elevate the activity, a DNA selfshuffling experiment was carried out using the atdB gene. One mutant enzyme, named AtdBE286K, was obtained. It had one amino acid substitution, E286K, and showed 2.4-fold higher C23O activity than the wild-type enzyme at 100 M. Kinetic analysis of these enzymes revealed that the wild-type enzyme suffered from substrate inhibition at >2 M, while the mutant enzyme loosened substrate inhibition.
Catechols are a group of representative central intermediates in aromatic compound metabolism by bacteria. Bacteria degrade them mainly through two pathways, the ortho-cleavage pathway and the meta-cleavage pathway, in which the first steps are ring-cleavage reactions mediated by catechol 1,2-dioxygenase (C12O) and catechol 2,3-dioxygenase (C23O) respectively. 1, 2) Catechol degradation mediated by these enzymes has been reported in the metabolisms of many aromatic compounds by environmental bacteria. Therefore, these enzymes play important and essential roles in the aerobic degradation of chemicals with aromatic rings released into the environment.
Acinetobacter sp. YAA degrades aniline and otoluidine (2-methylaniline), which are toxic and are suspected of being mutagenic and carcinogenic compounds, via catechols through a meta-cleavage pathway.
3) A gene cluster corresponding to the pathway has been cloned from an aniline-degrading plasmid, pYA1, and analyzed, demonstrating that it consisted of 14 genes encoding a multi-component aniline dioxygenase, a LysR-type regulator, and meta-cleavage enzymes including C23O. [3] [4] [5] The degradation begins with the oxidation of aniline by an aniline dioxygense consisting of five proteins, which converts aniline and o-toluidine into catechol and 3-methylcatechol respectively. 4) Of the five proteins, three showed evident amino acid (aa) sequence similarity with reductase components and oxygenase component small-and large-subunits found in other aromatic compound dioxygenases, whereas the remaining two showed considerable aa similarity with bacterial glutamine synthetases and glutamine amidotransferases respectively. 3, 4) We expected that these two proteins act as enzymes for protection and de-protection of the highly reactive amino-group of aniline using L-glutamate for the oxidation of its aromatic-ring, as compared with the functions of the homologous proteins, IpuC and IpuF, in the isopropylamine oxidation system of Pseudomonas sp. KIE171. 6) The detailed functions of each protein in the aniline dioxygenase are now under investigation. At the next step, the formed catechols are further oxidized by C23O into the corresponding meta-cleavage products. 5) In this study, to characterize this C23O enzyme, named AtdB, in detail, we purified the AtdB protein and determined its substrate specificity towards catechols and the kinetic parameters for catechol. In addition, to obtain C23O with higher activity, we carried out a DNA self-shuffling experiment using the gene encoding AtdB y To whom correspondence should be addressed. Tel: +81-79-267-4893; Fax: +81-79-267-4891; E-mail: takeo@eng.u-hyogo.ac.jp Abbreviations: aa, amino acid; C12O, catechol 1,2-dioxygenase; C23O, catechol 2,3-dioxygenase; DHBD, 2,3-dihydroxybiphenyl 1,2-dioxygenase; IPTG, isopropyl--D-thiogalactoside; LB, Luria-Bertani; nt, nucleotide; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain reaction (atdB). Comparison of a mutant enzyme obtained with the wild-type enzyme showed that a one-point mutation in the mutant improved the substrate inhibition of the wild-type enzyme.
Materials and Methods
Bacterial strains and plasmids used. Escherichia coli JM109 and pUC119 were purchased from Takara Shuzo (Kyoto, Japan). A recombinant plasmid, pAS16-119, was constructed by introducing the 1.0-kb PstI-BamHI insert fragment of pAS16 3) encoding the C23O gene (atdB) of Acinetobacter sp. YAA into the PstI-BamHI site of pUC119. Another recombinant plasmid pSDM2, which has a mutant atdB gene (named atdB Ã ) in pUC119 instead of atdB, was constructed after the atdB Ã gene was generated in the DNA shuffling experiment described below.
Preparation of cell extracts. Recombinant E. coli JM109 was cultured in Luria-Bertani (LB) medium 7) containing 100 mg l À1 ampicillin and 1 mM isopropyl--D-thiogalactoside (IPTG) at 37 C for 18 h, and at 150 rpm on a rotary shaker, harvested by centrifugation (12,000 rpm, 4 C, 10 min), and washed with buffer A (20 mM sodium phosphate buffer containing 2 mM EDTA and 10% v/v acetone, pH 8.0). The bacterial pellet was resuspended in 10 ml of the same buffer and then sonicated with a cell disrupter, Tomy UD-200 (output 6, 2 min, 5 times, on ice), followed by centrifugation (12,000 rpm, 4 C, 30 min). The supernatant was used as a cell extract for purification.
Purification of C23O. The cell extract prepared was applied to a DEAE-Sepharose fast flow column (resin, Pharmacia, Tokyo, Japan; column size, 1.5 cm I.D. Â 30 cm) pre-equilibrated with buffer A, and then the column was extensively washed with the same buffer. Proteins in the column were eluted with a linear NaCl gradient up to 1 M in buffer A. Fractions with C23O activity were pooled and then desalted using a PD-10 desalting column (Amersham Biosciences, Uppsala, Sweden) pre-equilibrated with 10 mM potassium phosphate buffer (pH 8.0) containing 10% v/v acetone. Finally, the solution obtained was concentrated to an appropriate volume using a Vivaspin 6 ml concentrator (Vivascience AG, Hannover, Germany).
Agarose and polyacrylamide gel electrophoresis. DNA was resolved on a 0.8% agarose gel with TAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, pH 8.0) by electrophoresis, stained with ethidium bromide, and visualized by UV irradiation. Protein was resolved on 12.5% SDS-polyacrylamide gel (PAGE) by electrophoresis 8) and stained with coomassie brilliant blue.
Molecular mass determination. Subunit molecular mass was estimated using 12.5% SDS-PAGE, as described above. Native molecular mass was determined using a Shimadzu HPLC system (LC-20AT, SPD-20A, DGU-20A5, CTO-20A, and CBM-20A) (Shimadzu, Kyoto, Japan) equipped with a TSK-GEL G3000SWXL column (Tosoh, Tokyo) using two gel filtration calibration kits, an LMW gel filtration calibration kit and an HMW gel filtration calibration kit (Amersham Bioscience, Buckinghamshire, UK), as the standard.
Enzyme assay. Enzyme activity was measured spectrophotometrically by following the formation of 2-hydroxymuconic semialdehyde from catechol at 375 nm. The reaction was performed at 25 C in 1. Kinetics. In order to determine kinetic parameters, the Michaelis-Menten equation 10) was used for simplicity, under the assumption that oxygen existed at a high level in the reaction mixture, although this reaction, catechol dioxygenation, requires two substrates, catechol and oxygen.
DNA shuffling. A 1.0-kb DNA fragment encoding the atdB gene was amplified by polymerase chain reaction (PCR) using pAS16-119 as a template. The PCR mixture contained 0.5 ml (1.25 U) of KOD Dash polymerase (Toyobo, Osaka, Japan), 5 ml of KOD Dash buffer, 5 ml of dNTP mixture (2 mM each), 1 ml of primer MUT1 (10 mM, 5 0 -GTGCTGCAGCTTGCGAATGAGTACAC-3 0 ), 1 ml of primer MUT2 (10 mM, 5 0 -CACGGATCC-GCTGCTAATCCCTGCTTC-3 0 ), and 36.5 ml of doubledeionized water in a total volume of 50 ml. The primers used contained the restriction sites of PstI and BamHI respectively (underlined in the sequences). The PCR cycle employed was as follows: (i) 94 C for 60 s, (ii) 94 C for 20 s, 66 C for 5 s, 72 C for 30 s; 30 cycles, (iii) 72 C for 60 s. Then 2 to 3 mg of the amplified fragment were digested with DNase I (0.14 U) (Nippon Gene, Tokyo) at 25 C for 15 min in 100 ml of 100 mM sodium acetate buffer (pH 5.2) containing 5 mM MgSO4, and the digested fragments with sizes of about 100 bp were collected from agarose gels (2% w/v Nusieve GTG agarose, Takara Shuzo, Kyoto) by phenol extraction after electrophoresis. For reassembly of the C23O gene, the recovered fragments (50 ng) were added to a primer-less polymerase reaction (total volume, 50 ml), whose composition was the same as that in the first PCR, except that no primers were added. The polymerase reaction cycle employed was as follows: (i) 94 C for 60 s, (ii) 94 C for 30 s, 52 C for 30 s, 72 C for 30 s; 40 cycles, (iii) 72 C for 60 s. The final PCR was done using the resulting primer-less polymerase reaction product (1 ng) as a template in the following cycle: (i) 94 C for 60 s, (ii) 94 C for 20 s, 66 C for 5 s, 72 C for 30 s; 30 cycles, (iii) 72 C for 60 s. The composition of the PCR mixture was the same as that in the first PCR.
Site-directed mutagenesis. In order to change the glutamyl residue at position 286 in AtdB into other aa residues, site-directed mutagenesis was conducted based on the method of Ito et al.
11) The following primers were used in this experiment:
0 , for construction of pSDM2 and introduction of E286K into AtdB), MUT-MSA (5
0 , outer primer with a vector sequence), and RV-M (5 0 -CAGGAAACAGCTATGAC-3 0 , outer primer with a vector sequence). Codons corresponding to aa substitutions are underlined in the primer sequences. In the first PCR, two DNA fragments were separately amplified using two sets of primers (RM-V and one of the MUT-MS series, MUT-PST and M4) and pAS16-119 as a template. The PCR mixture contained 0.5 ml (2.5 U) of Ex Taq polymerase (Takara Shuzo), 5 ml of 10 Â Ex Taq polymerase buffer, 5 ml of dNTP mixture (2 mM each), 1 ml of each primer (25 mM), and 36.5 ml of double-deionized water in a total volume of 50 ml. The PCR cycle employed was as follows: (i) 94 C for 60 s, (ii) 94 C for 30 s, 52 C for 60 s, 72 C for 90 s; 30 cycles, (iii) 72 C for 60 s. The two amplified fragments (10 ng ml À1 ) were heated together in the same PCR reaction buffer without polymerase at 94 C for 10 min, and then cooled down gradually to 37 C and kept the temperature for 15 min to form a heteroduplex. Then this was treated with Ex Taq polymerase (2.5 U) at 72 C for 3 min to make a complete double strand. Using the outer primers (RV-M and M4) and the resulting doublestranded DNA as a template, a second PCR was carried out in the same reaction mixture and PCR cycle as those of the first PCR. The final PCR products, with a target one-point mutation, were digested with PstI and BamHI and ligated to PstI-and BamHI-digested pUC19 to construct pSDM series plasmids.
Results

Sequence identity of AtdB with other C23Os
The aa sequence of AtdB (accession no. BAA23355) showed quite high identities to those of XylE (72%, AAA26052), NahH (74%, YP 534833), and DmpB (74%, P17262), which are representative C23Os in the toluene, naphthalene (salicylate), and phenol degradation pathways respectively. A phylogenetic tree constructed based on the aa sequences of C23Os showed that AtdB is located at the edge of a small branch consisting of these homologous C23Os (see Fig. 4c in ref. 12 ).
Purification of AtdB
Cell extract including AtdB was prepared from recombinant E. coli JM109 cells harboring pAS16-119. SDS-PAGE analysis of the cell extract revealed that it contained a strong 35-kDa protein band (Fig. 1) , whose size was in good agreement with that of AtdB (35.0 kDa), calculated from the aa sequence. To purify AtdB, the cell extract was passed through a DEAESepharose column. After the column was washed with buffer A, AtdB was eluted with buffer A with a NaCl gradient from 0 to 1 M. Fractions with C23O activity were collected, concentrated, and desalted with a PD-10 desalting column. The final concentrated solution contained only the 35-kDa protein without any other visible bands on SDS-PAGE (Fig. 1) . The specific activity for catechol and the yield were 18.7 U mg À1 and 26.7% (Table 1 ). The purified enzyme showed relative activities for the following catechols tested: catechol (100%), 3-methylcatechol (19%), 4-methylcatechol (57%), 4-chlorocatechol (46%), and 2,3-dihydroxybiphenyl (5%). HPLC analysis using a gel filtration column revealed that it had a native molecular mass of 147 kDa (data not shown), indicating that it forms a tetrameric structure. M, molecular mass marker; C, E. coli cell extract producing AtdB or AtdBE286K; P, purified enzymes.
Selection of strains producing a mutant enzyme with high activity A 1.0-kb DNA fragment encoding atdB was amplified using pAS16-119 as a template, and digested with DNase I. After recovery of digested DNA fragments with sizes of about 100 bp, these were used in a DNA shuffling experiment. The DNA fragments encoding the reassembled atdB gene were inserted into pUC119 to make a mutant plasmid library, which was introduced into E. coli JM109 competent cells. Finally, more than 20,000 transformants appeared on the selection plates, and they were sprayed with 100 mM catechol solution (in 10 mM phosphate buffer, pH 7.2) for brief screening of C23O activity. Ten colonies, which showed a more brilliant yellow than the other colonies, probably owing to enhanced formation of 2-hydroxymuconic semialdehyde from catechol, were chosen as strains producing a mutant enzyme with high activity.
C23O activities of mutant enzymes
The plasmids recovered from the 10 strains were named pSH1 to pSH10. Cell extracts were prepared from these strains and their C23O activities were measured. For calculation of C23O specific activity, the amounts of AtdB (or mutant AtdBs) in the cell extracts were estimated as follows: the total protein concentrations of the cell extracts were adjusted to the same level, and they were subjected to SDS-PAGE analysis. After scanning of the results of SDS-PAGE with a flat bed scanner, the areas for the 35-kDa protein bands in the image were measured using NIH image software (http://rsb.info.nih.gov/nih-image/) and used instead of the amounts of AtdB. Later, using purified AtdB protein, we confirmed that the amounts of AtdB protein had good linearity (R 2 > 0:99) with the areas in SDS-PAGE between 0 and 0.20 cm 2 . The measured C23O activities are summarized in Table 2 . Catechol and its derivatives (3-methylcatechol, 4-methylcatechol, 4-chlorocatechol, and 2,3-dihydroxybiphenyl) were used as substrates. The strains harboring pSH2, pSH6, pSH9, and pSH10 showed the activities more than twice as high as that of the strain harboring pAS16-119 (the wild type). However, the other strains showed similar or less activity than the wild type, and the strain harboring pSH3 had already lost activity before the experiment. In the strains showing higher activity, the substrate specificities of each mutant enzyme appeared to be same as that of the wild type, judging from the similar activity patterns of each mutant for the catecholic substrates to that of the wild type (Table 2) .
Nucleotide (nt) sequence analysis of the inserts of these plasmids revealed that pSH2, pSH6, pSH9, and pSH10 had the same nt substitution (G!A at position 856, named G856A) in their atdB Ã genes, corresponding to one aa substitution (E!K at position 286, named E286K). Since pSH9 had no other substitution (although pSH2, pSH6, and pSH10 had more nt substitutions), the G856A substitution was found to be essential in elevating the activity. The nt sequences of pSH1 and pSH7 were the same as that of the wild type, while those of pSH5 and pSH8 had substitutions corresponding to no change in their aa sequences (silent mutations). To Specific activity toward catechol of pAS16-119 was expressed as 100%. The absolute activity (U mg protein À1 ) for 100% relative activity is shown in parenthesis. One unit (U) of catechol 2,3-dioxygenase activity was defined as the conversion of 1 mmole of catechols to the corresponding meta-cleavage products per min. Abbreviations: CA, catechol; 3MeCA, 3-methylcatechol; 4MeCA, 4-methylcatechol; 4ClCA, 4-chlorocatechol; 23DHBP, 2,3-dihydroxybiphenyl confirm this result, we introduced the G856A substitution into the wild-type gene in pAS16-119 by sitedirected mutagenesis to make pSDM2. The strain harboring pSDM2 showed activity for catechol more than twice as high as did the wild type, such as the strains harboring pSH2, pSH6, pSH9, and pSH10 (Table 3 ). Hence we concluded that this substitution contributed to the elevated activity, and the strain harboring pSDM2 was used for further studies.
Purification of mutant enzyme
A mutant enzyme, named AtdBE286K, was purified from the strain harboring pSDM2 by the same method as that for the wild-type enzyme (AtdB). The purity was confirmed by SDS-PAGE analysis, which showed the presence of a single 35-kDa protein band (Fig. 1) . The specific activity for catechol and the yield were 44.4 U mg À1 and 23.8% (Table 1 ). The activity was about 2.4-fold higher than that of the wild-type enzyme at 100 mM. This ratio was in good agreement with that obtained by means of cell extracts containing AtdB or AtdB286K ( Table 2) .
Determination of kinetic parameters of AtdB and AtdBE286K
The specific activities of AtdB and AtdBE286K were measured at various concentrations of catechol. Figure 2 depicts a Lineweaver-Burk plot obtained from the results. The wild type enzyme, AtdB, showed strong substrate inhibition at >2 mM (1=S < 0:5), while the mutant enzyme, AtdBE286K, showed no such apparent inhibition even at >10 mM (1=S < 0:1). Consequently, AtdBE286K showed higher specific activity than AtdB at >2 mM. Probably, 100 mM catechol spray selection would lead to isolation of this mutant enzyme with high resistance against substrate inhibition.
The kinetic parameters of AtdB and AtdBE286K were determined from a Hanes-Woolf plot ([S]/[v] versus [S] plot) (data not shown) at low concentrations (AtdB, 0-2 mM; AtdBE286K, 0-10 mM), which never caused such inhibition ( Table 4 ). The K m of AtdBE286K was 1.7-fold higher than that of AtdB, although the V max of AtdBE286K was almost identical to that of AtdB. This suggests that the mutant enzyme increased resistance to substrate inhibition at the sacrifice of its affinity to catechol by the aa substitution.
Effect of amino acid residues at position 286 on the activity In order to investigate the effect of aa residues at position 286 on the activity for catechols, five mutations, E286A, E286D, E286H, E286L, and E286R, were independently introduced into AtdB by site-directed mutagenesis, and the activities of the resulting mutant enzymes for catechols were measured at 100 mM using recombinant E. coli cell extracts (Table 3 ). In addition to E286K, the E286H and E286L mutants also showed Specific activity toward catechol of pAS16-119 was expressed as 100%. The absolute activity (U mg protein À1 ) for 100% relative activity is shown in parenthesis. One unit (U) of catechol 2,3-dioxygenase activity was defined as the conversion of 1 mmole of catechols to the corresponding meta-clevage products per min. Abbreviations: CA, catechol; 3MeCA, 3-methylcatechol; 4MeCA, 4-methylcatechol; 4ClCA, 4-chlorocatechol; 23DHBP, 2,3-dihydroxybiphenyl The inset expands the area of the plots at high substrate concentrations (from 1 mM to 1,000 mM). Table 4 . Kinetic Parameters of AtdB and AtdBE286K activities more than twice as high as that of the wild type, whereas E286D and E286R showed similar activities to that of the wild type. The E286A mutation resulted in a reduction in activity. These results indicate that the polarity of the aa residue at position 286 has no significant influence on the activity, and that the size and bulkiness of the side chain may be important for the activity.
Discussion
Many C23Os have been purified from bacteria and characterized, due to their importance in aromatic compound metabolism. Phylogenetic analysis based on the aa sequences of AtdB and other C23Os indicated that it belongs to the archetypical C23Os, such as XylE, NahH, and DmpB.
12) AtdB showed 73.9%, 74.9%, and 74.3% aa sequence identities with XylE, NahH, and DmpB respectively. The aa residues in the active center (H153, H199, H214, H246, and Y255) were completely conserved, as shown in Fig. 3 . The substrate specificity for catechols (Table 2) was also similar to those of XylE and NahH in that they showed the highest activity for catechol. 13) These C23Os contain a ferrous ion in the active site and form a tetrameric structure in the active form. 14, 15) The native molecular mass of AtdB was 147 kDa, indicating that AtdB also forms a tetrameric structure, like other C23Os. To determine whether AtdB requires a ferrous ion for activation, we carried out dialysis of purified AtdB in 20 mM sodium phosphate buffer containing 2 mM EDTA. It lost the activity completely. After sufficient dialysis with 20 mM phosphate buffer, ferrous ion was added to the enzyme solution at a final concentration of 0.2 mM. Then the activity recovered partially (data not shown). In addition, further addition of a reducing reagent, ascorbic acid, at 1 mM enhanced the recovery of the activity (data not shown). These results indicate that AtdB requires a ferrous ion at the active site.
Substrate inhibition of C23O and its cognate enzyme 2,3-dihydroxybiphenyl 1,2-dioxygenase (DHBD) has been reported. 13, [16] [17] [18] [19] [20] [21] The Lineweaver-Burk plot of AtdB also clearly showed strong substrate inhibition of AtdB at >2 mM of catechol, but the one-aa-substitution mutant enzyme, AtdBE286K, showed no such inhibition at similar concentrations of catechol. This result indicates that the mutation loosened the substrate inhibition. Two major mechanisms for the suicidal inhibition of C23O and DHBD have been suggested: (i) a change in the oxidation state of the iron cofactor, such as from Fe 2þ to Fe 3þ , or a loss of the iron cofactor in the active center, 16, 19) and (ii) the formation of an irreversible enzyme-product complex. 17) In addition, in the case of DHBD, after the formation of the enzyme-catecholicdioxygen complex (ESO 2 ), superoxide is dissociated from it, probably causing the oxidation of the iron cofactor and aa residues at the active site. Such active oxygen species were also detected in the case of C23O. 17) These may be the examples of the mechanism (i) also. Considering the published 3-dimensional struc- XylE 181:LDENGTRVAQFLSLSTKAHDVAFIHHPEKGRLHHVSFHLETWEDLLRAADLISMTDTSID 240 * * *** ****** **** * * ** ** * ** * * **** ******** AtdB 241:IGPTRHGLTHGQTIYFFDPSGNRNEVFAGGDYHYPDHEPVTWDAEELGKAIFYHDRVLNE 300
DmpB 241:IGPTRHGLTHGKTIYFFDPSGNRNEVFCGGDYNYQDHKPVTWLAKDLGKAIFYHDRVLNE 300
NahH 241:IGPTRHGLTQGKTIYFFDPSGNRCEVFCGGNYNYPDHKPVTWLAKDVGKAIFYHDRVLNE 300
XylE 241:IGPTRHGLTHGKTIYFFDPSGNRNEVFCGGDYNYPDHKPVTWTTDQLGKAIFYHDRILNE 300 ********* * *********** *** ** * * ** **** ********* *** The amino acid sequences of catechol 2,3-dioxygenases in the phenol, naphthalene, and toluene degradation pathways, DmpB, NahH, and XylE were obtained from P17262, P08127, and P06622 respectively. Amino acid residues around the active site and at the mutation point (E286) are emphasized by white characters on a black background. ture of XylE, 22) the mutated position (position 286) is expected to be on the surface of the AtdB molecule and away from the active center. Because mechanisms (i) and (ii) would take place around the active center, it might be difficult to explain the substrate inhibition of AtdB by these mechanisms, but Mars et al. 20) explained that the formation of an irreversible enzyme-product complex might influence the multimeric structure of XylE. In fact, the formation of the tetrameric structure in XylE has been found to be critical for C23O activity. 14, 15, 22) The glutaminyl residue at position 286 (Q286) in XylE contacts a protruding loop (D133, V134, and N135) of another subunit in the tetrameric structure, which forms a -sheet-like structure with a loop (V280, T281, and W282) connecting to Q286. 22) Hence these loops and Q286 appear to be important in the formation of the active tetrameric structure. Hence the E286K mutation in AtdB might make the binding of subunits (that is, the quaternary structure) resistant to suicidal inhibition. As a further possibility, the mutation might affect the uptake of catechol and the release of the product, since the mutated position is next to L287, one of the aa residues (V180, V188, A189, I204, L287, L298, F302, and M302) forming the entrance of substrate on the molecular surface of XylE. When the enzyme takes up an excess amount of catechol, catechol can bind to another binding site near the active site, which causes substrate inhibition. In fact, Cerdan et al. 13) suspect that there is another substrate binding site in XylE and NahH. As a similar situation, I291 contacts to the three entrance-forming aa residues (L287, L298, and F302) and its side chain faces on the pathway of the substrate to the active center. The I291V substitution found in a XylE mutant caused 4-fold increased turnover capability for a suicidal substrate, 3-chlorocatechol, and reduction of its affinity to the substrate. 23) This substitution (I!V), by which the bulkiness of the side chain declines, can expand the pathway width. In this case, as a result, the uptake of 3-chlorocatechol and the release of a highly reactive product (acyl halide) can be promoted. These mutations, I291V in XylE and E286K in AtdB, occurred away from the iron cofactor in the active site, indicating the presence of mechanisms, such as those discussed above different from mechanisms (i) and (ii). They should be confirmed through further studies, including structural analysis of AtdB and its mutant enzymes, in the near future.
